The formation and composition of a cell wall rhamnose-containing polysaccharide by membrane fragments from Streptococcus pyogenes and its stabilized L-form were compared. Also, the effect of prior treatment on the ability of coccal whole-cell and membrane fragments to incorporate radioactivity from thymidine diphosphate-'4C-rhamnose, and the results of subsequent attempts to remove labeled polysaccharide from such membranes are given. L-form membrane fragments were capable of only 10% uptake of "4C-rhamnose from this nucleotide as compared with streptococcal membranes. However, once bound, both membrane fragments polymerized rhamnose to the same extent. These findings tend to negate the almost complete lack of polymeric rhamnose within the intact L-form as being due to the absence of membrane enzymes necessary for the transfer of rhamnose from a suitable precursor to membrane acceptor sites or enzymes responsible for rhamnose polymerization. Degradation of labeled rhamnose polysaccharide after isolation from coccal membranes by mild acid hydrolysis showed muramic acid and glucosamine to be attached. This same polysaccharide from L-form membrane fragments was devoid of amino sugars. These data suggest the possible involvement of amino sugars in the attachment of cell wall polymeric rhamnose to the streptococcal cytoplasmic membrane. The absence of attached amino sugars to rhamnose polysaccharide from L-form membrane fragments is discussed in terms of this organism's continued inability for new cell wall formation. The isolation, from streptococcal membrane fragments, of a polysaccharide containing rhamnose and amino sugars common to at least two different streptococcal cell wall-type polymers was demonstrated.
Some information is available comparing the biosynthesis of cell wall polysaccharide within Streptococcus pyogenes and a stabilized (nonreverting) L-form derived from it with penicillin (11). These data are based on the fact that the basic structure of the group A streptococcal cell wall is the group-specific polysaccharide composed of rhamnose and acetylglucosamine and that cell wall formation is closely related to polymeric rhamnose biosynthesis within these streptococci (14) . By using intact protoplasts and stabilized L-forms from S. pyogenes, it was observed that lack of cell wall biosynthesis could be correlated with what appeared to be a complete inability of only its L-form to transfer enzymati-cally rhamnosyl units from a preformed nucleotide (thymidine diphosphate-rhamnose) to membrane acceptor sites. Protoplast membranes, however, readily incorporated and polymerized this methyl pentose into membrane polysaccharide. Also, although both L-form and protoplast cell-free extracts synthesized TDP-rhamnose, the intact L-form contained only %1 as much polymeric rhamnose as did whole protoplasts (11).
One possible explanation of these findings was that lack of cell wall biosynthesis within this Lform was owing to the absence of sufficient membrane acceptor sites for rhamnose attachment. In these early studies, no attempts were made to isolate rhamnose polysaccharide from group-specific polysaccharide and peptidoglycan networks, within a group A streptococcus (8) . Also, electron micrographs have shown the streptococcal M antigen to be seemingly anchored to cell wall peptidoglycan (13) . However, no information is available on the manner by which such polymers, or fractions thereof, might be attached to the cytoplasmic membrane during or after biosynthesis. This paper summarizes efforts designed to (i) isolate, characterize, and compare a new rhamnose-containing polysaccharide synthesized in vitro by membrane fragments of S. pyogenes and its L-form and (ii) to determine its possible mode of attachment to the streptococcal membrane.
MATERIALS AND METHODS Bacteria and media. S. pyogenes and its stabilized Lform used previously were harvested at their mid-exponential growth phases. All media were preextracted to remove lipid before use; otherwise the growth conditions and washing procedures for each organism were already described (I1). Streptococcal protoplasts were obtained as before by purified lysin prepared essentially as described elsewhere (1) and carried through three ammonium sulfate fractionations or by use of a crude lysin preparation from the supernatant fraction of group C streptococcal-phage lysates after centrifugation (105,000 x g for I hr) in a Spinco preparative ultracentrifuge (1, 6) . Conversion to the protoplast state was followed by phase microscopy and confirmed by a tube dilution technique (12) . Streptococcal protoplast or L-form membrane fragments were obtained by disruption in a Raytheon 10-kc sonic oscillator for three 1-min intervals. Such preparations were judged free of whole cell contaminants by dark-phase microscopy. Likewise, streptococcal cell fragments were made by (i) forcing frozen cell pastes through a small orifice in an "X"-press (Biochemical Processes Inc., N.Y.) with pressure (20,000 psi), (ii) disruption with glass beads (0.2-mm diameter, alkali-free, Prismo Safety Corp., Huntingdon, Pa.) and sonic oscillation for 24 min, and by (iii) "X"-press preparations additionally sonically oscillated with glass beads (I g/ml) for 20 min.
Analytical procedures. Ascending paper chromatography of amino sugars and sugars with Whatman no. I paper was performed in the following solvent systems: (i) n-butanol-pyridine-water, (45:25:40, v/v); (ii) ethyl alcohol-l M ammonium acetate, pH 7.5 (70:30, v/v); (iii) n-butanol-acetic acid-water (57:14:29, v/v), and (iv) 75% phenol (w/v). Amino sugars were detected with ninhydrin (0.25% in acetone-lutidine, 9:1, v/v), and all sugars were detected by alkaline silver nitrate. Radioactivity on paper chromatograms was determined by (i) depositing equally segmented pieces (2 by 1.5 cm) into vials containing 10 Attempts to remove radioactivity after label incorporation (Table 2 ) by membrane fragments included (i) extraction with three 4-ml portions of chloroformmethanol (2:1, v/v) in a Potter-Elvehjem glass homogenizer for 15 min at 40 C, (ii) butanol treatment by addition of water (0.1 ml) and n-butanol (1.0 ml) followed by vigorous stirring before centrifugation (10, 000 x g) for 15 min for final removal of butanol, and (iii) sodium deoxycholate (2%) solubilization by shaking in a Dubnoff shaker at 38 C for 30 min. For further study, membrane deoxycholate extracts were dialyzed against distilled water in the cold overnight with stirring. The precipitate formed within the bag was recovered by centrifugation and treated as indicated in Table 3 total volume of 1.0 ml at 37 C for 2 hr, both with mild shaking, and (iii) trypsin (EC 3.4.4.4.) digestion in 0.14 M phosphate buffer (pH 7.8) plus 0.1 M CaCI2 with 3 mg of trypsin (total volume, I to 2 ml) for I hr after pH adjustment to 7.5.
Assay. The labeled thymidine diphosphate rhamnose (TDP-'4C-rhamnose) transfer system consisted of: 0.04 to 0.16 Mmoles of TDP-"C-rhamnose (7,500 to 121,000 counts/min), 0.1 M potassium phosphate buffer (pH 7.4), 0.005 M mercaptoethanol, 0.02 M MgCI2, wholecell or membrane fragments (nitrogen content, I to 4.5 mg), total volume of 1.0 to 3.1 ml, 37 C, 60 min with mild shaking. The procedure for this assay is given in detail elsewhere (11). For those experiments outlined in Table 1 , cold 5% trichloroacetic acid containing 0.05 M pyrophosphate was used in the washing procedure upon completion of the transfer reaction. All other results were obtained with preparations washed with cold distilled water in lieu of 5% trichloroacetic acid when it was observed that the latter effected the tenacity of (i.e., rendered more labile) polymeric rhamnose binding to membranes.
Chemicals. TDP-_4C-rhamnose was prepared with L-form cell-free extracts as previously described (11). Purified Duponol C and trypsin-treated cell walls from S. pyogenes type 14 and synthetic muramic acid were kindly supplied by S. S. Barkulis (Alcon Laboratories, Fort Worth, Tex.). SDS, sodium deoxycholate, trypsin (2x crystallized, type 1, bovine pancrease), and snake venom were obtained from Sigma Chemical Co., St. Louis, Mo.; glucosamine hydrochloride was obtained from Pfizer Chemical Co., New York, N.Y.
RESULTS
Streptococcal whole cell and membrane fragment pretreatments and additions for isotope incorporation. The effect of varied pretreatments and additions on the subsequent ability of wholecell and membrane fragments to incorporate 11C-rhamnose is tabulated in Table 1 . It is apparent that although lysin-prepared membrane fragments are the most active in isotope uptake, disintegrated whole cells continue to retain this capability but to a significantly lower degree. It was established earlier that intact bacteria are devoid of an ability to transfer rhamnose from a rhamnose-containing nucleotide to membrane acceptor sites (14) . Adverse treatment such as boiling or exposure to detergent inhibited incorporation of radioactivity by fragments from whole cells. Similarly, prolonged sonic treatment of membranes or treatment with detergent or acetone extraction caused either a drastic decrease or almost complete loss of membrane transferring ability. This activity could not be restored by removal of excess detergent or by addition of acetone-extracted material or commercial lipids to membrane residues. From these and past data (11), it is apparent that isotope incorporation is a measure of polymeric rhamnose formation. In multiple experiments, the uptake of isotope by untreated membrane fragments varied twofold and is, in the main, probably due to differences in degree of rupture during preparation of membrane fragments by sonic oscillation. Most recently, Chaterjee et al. (2) reported a similar variability in isotope incorporation with sonically disrupted S. aureus L-form membranes. As noted by others (2), sonically treated membrane preparations displayed greater uptakes of isotope than ruptured but nonsonically treated preparations.
Removal of labeled polysaccharide from membranes. Results of attempts to remove labeled polysaccharide from coccal membrane fragments after incorporation of "C-rhamnose from TDP-"4C-rhamnose appear in Table 2 . Table 3 . The solvent system chosen adequately resolved both carbohydrates and amino acids. Paper chromatographic results of mild acid hydrolysates revealed that most of the radioactivity remained at or near the origin. This area also showed the greatest ninhydrin intensity. An additional but weakly ninhydrin-positive spot with an RF (0.34) similar to that of muramic acid was also noted to migrate halfway up such chromatograms. Complete acid hydrolysis (part B) of the material remaining at the origin of part A, followed by paper chromatography, resulted in the migration of radioactivity. This ninhydrin-free but radioactive spot corresponded in RF (0.55) with authentic rhamnose and illustrates the reincorporation of polymeric rhamnose, previously synthesized by this membrane, during its reaggregation.
Characterization of isolated membrane polysaccharide. Experiments were performed in which streptococcal protoplast and derived L-form membrane fragments were treated identically, including treatment of L-form membranes with lysin as for isolation of coccal membranes, and allowed to react with TDP-14C-rhamnose in the usual manner. In all cases, it was observed that L-form fragments were capable, at most, of only 10% isotope uptake as compared with protoplast membranes on an equivalent protein basis. After mild acid hydrolysis of such membrane preparations for release of 14C-rhamnose-containing polysaccharide, extracts were placed on cationic exchange columns. Figure I illustrates a typical example of the difference in magnitude of radioactivity eluted from comparable samples and demonstrates that the activity is not retained by a chromatographic resin capable of binding positively charged molecules. As with membrane uptake, the total radioactivity eluted from Lform fragments was also found to be only 10% of that from protoplast membranes. with the cationic resin (Fig. 1) . Most of the radioactivity placed on Sephadex columns was recovered in the excluded area (polymeric rhamnose-containing region); i.e., 85 and 92% for the protoplast and L-form, respectively. It should be noted that a typical comparison of the total radioactivity in mild HCI extracts from comparable weights of protoplast (3, 200 counts/min) and L-form membranes (368 counts/min) with that of the total activity found in the polymeric rhamnose-containing region of each (Fig. 2 column chromatographic and hydrolytic procedures simulating the isolation of rhamnose-containing polysaccharide from membrane fragments. These amounts represent the greatest concentration of cell wall material that would be present in the event of partial protoplast formation (i.e., during preparation of streptococcal membrane fragments). Typical RF values are given in Table 5 . Whole-cell and cell wall hydrolysates always indicated substantial concentrations of rhamnose. Transfer membranes, on the other hand, displayed only a weakly positive silver nitrate area corresponding to rhamnose. The amount of rhamnose found in these transfer membranes was always at or below that of polymeric rhamnose (0.15%) known to be present in intact protoplasts (11) . The data in thesis of amino sugars de novo nor is it a good acceptor of acetylglucosamine from uridine diphosphate (UDP)-N-acetylglucosamine (14) . Thus, the muramic acid content of newly synthesized rhamnose-containing polysaccharide from these coccal fragments appears to have originated at the membrane and is associated with this polysaccharide. DISCUSSION Currently, the group A streptococcal cell wall is known to be composed of at least three different types of polymers: peptidoglycan; C and G polysaccharides; and M-, R-, and T-type-specific proteins. Amino sugar(s) or rhamnose, or both, contribute appreciably to two of these: the peptidoglycan and polysaccharide networks. Thus, any information concerning the synthesis of polymers with these carbohydrates becomes essential if our present but meager knowledge of cell wall biosynthesis or inhibition at the subcellular level is to be enlarged upon.
In an earlier report, we documented the presence of minute but detectable amounts of polymeric rhamnose within an intact but stabilized Lform obtained from S. pyogenes (I1). However, although detection of formation of such a polymer by membrane preparations from the parent coccus was easily demonstrable in vitro, membrane preparations from this L-form were seemingly incapable of this enzymatic activity. By using greater quantities of membrane fragments and higher specific activities of nucleotide precursor, we have now demonstrated that formation of polymeric rhamnose by L-form membrane fragments does occur but still to only a meager degree. However, despite this difference in magnitude, of interest was the finding that once bound L-form membrane fragments polymerized rhamnose to the same extent as coccal (protoplast) membrane preparations. These findings tend to negate the almost complete lack of polymeric rhamnose within the intact L-form as being due to an absence of (i) membrane enzyme(s) for the transfer of rhamnose from a suitable precursor to a membrane 'acceptor site or (ii) enzymes (10, 12) . In these comparative carbohydrate studies, mild HCl treatment proved best for the release of intact, newly synthesized, and covalently bound rhamnose-containing polysaccharide from membrane fragments (Table 1) . This mild acid treatment was far more gentle than the hot trichloroacetic acid procedure used by us earlier (11), for the isolation and separation of polymeric from monomeric rhamnose, as evident by the finding of amino sugars still attached to rhamnose polysaccharide from coccal (protoplast) membrane fragments. The probable origin of the muramic acid component of this polymer as being from the membrane and not the cell wall was previously given (see above). To our knowledge, this is the first instance of the synthesis and isolation of a rhamnose polysaccharide containing muramic acid and glucosamine from a membrane particulate system in vitro. This coupled with the absence of hexosamines in rhamnose polysaccharide from the intact L-form and membrane fragments from it suggests, as one possibility, that in the coccal membrane amino sugars may be necessary for, or serving as, membrane acceptor sites for rhamnose attachment and subsequent polymerization. The possible identification of muramic acid in reaggregated streptococcal membrane preparations after sodium deoxycholate solubilization seemingly adds to this belief. This confirms and enlarges upon the earlier conclusions of others that rhamnose binds to a "preexisting rhamnose polymer in (streptococcal) cytoplasmic membranes that is quite low in hexosamine. . ." (15) .
These data have also indicated that rhamnosecontaining polysaccharide is not bound directly to the lipids of the streptococcal membrane. Recent gel electrophoretic findings (Panos and Fagan, unpublished data) showed an almost complete loss of certain protein components within highly purified membranes from this Lform as compared with those from the parent coccus. Also, it is known that this L-form continues to synthesize muramic acid and glucosamine in the form of accumulating cell wall nucleotide precursors (4). These findings, together with the absence of a hexosamine content in rhamnose polysaccharide from the L-form strongly imply that loss of cell wall polysaccharide and perhaps total cell wall biosynthesis may be related to a decrease in selected amino sugarprotein complexes (active sites?) within the Lforms membrane matrix. The apparent anomaly of some but very limited synthesis of rhamnose polysaccharide by the L-form may be due to the continued presence of an undetectable hexosamine content within this polymer or that rhamnose is capable of being bound by other membrane components.
Recent studies indicated that rhamnose may serve as a link between the group-specific cell wall polysaccharide and peptidoglycan networks of a group A streptococcus (8) . The isolation from protoplast membrane fragments of a newly synthesized rhamnose polysaccharide containing glucosamine and muramic acid enlarges upon the findings of others (8, 11, 14) for the group A streptococci and illustrates the presence, for the first time, of a single polysaccharide containing carbohydrates common to at least two different streptococcal cell wall-type polymers. Whether this polysaccharide represents the initiation of cell wall group-specific polysaccharide at the membrane level or is a necessary component in the overall assimilation of the various polymers into a resulting rigid cell wall is unknown.
